In this paper we present a dynamic model of a hybrid photovoltaic/thermal (PVT) collector with a sheet-and-tube 13 thermal absorber. The model is used in order to evaluate the annual generation of electrical energy along with the 14 provision of domestic hot-water (DHW) from the thermal energy output, by using real climate-data at high 
demonstrated, based on both types of models, that quasi-steady solutions deviate significantly from dynamic 23 solutions due to the thermal mass in the system and the inherent variability in the (real) weather data used as 24 inputs to the simulations. Moreover, it will be shown that the use of time-averaged input data leads to an 25 overestimation of the energy generated, as was found in Ref.
[9] for a study performed on vacuum tube 26 collectors. A more detailed discussion of these results is reported in Section 4.
27
In the present study a 3-D PVT collector model is used to estimate the temperature distribution over the PV demonstrating that a dynamic model is important for the investigation of control strategies and the interaction of 1 the collector with other system components that require a dynamic description.
2
The details of the PVT collector and the wider system considered in this study are described in Section 2.
3
This section also discusses the role of the PV module as a thermal absorber as well as an electricity generator 4 and focuses on the emissivity of the solar cell. The numerical model is described in Section 3 and the results are 5 reported in Section 4. The latter also contains a comparison of the annual performance of a PVT collector with 6 standard solar cells and a PVT collector using cells with optimized optical properties.
8

Hybrid PVT Collectors and Systems 9
The greatest part of the absorbed irradiance in a PV module is converted into heat (about 60% − 70%). This heat is partially rejected to the environment by radiative and convective heat losses, and partially increases the 11 temperature of the solar cell reducing its conversion efficiency [10] . A PVT system aims to improve the overall 12 conversion efficiency of the PV panel by cooling the solar cells. While the rejection of excess heat to the 13 environment is beneficial for a standalone PV module, in a PVT module this low-grade heat is collected by the 14 thermal absorber and recovered by a fluid stream for useful thermally driven processes such as hot water 15 provision, space heating or absorption cooling for domestic and commercial applications.
16
As mentioned above, the performance of a PV module is strongly dependent on its operating temperature. This
17
introduces additional factors that are in need of consideration. Temperature gradients on the collector surface can 18 significantly affect its electrical efficiency because solar cells operating at higher temperatures generate less power.
19
Therefore, a significant challenge in the design of a PVT collector is in obtaining a uniform temperature distribution 20 over the modules. A sheet-and-tube collector is associated with a non-uniform temperature on its surface during 21 operation. The prediction of this temperature distribution is therefore of crucial importance when selecting the best 22 design and evaluating the thermal and electrical yield of the associated PVT system.
24
System description: The PVT system modelled in this work is shown in Figure 1 . It comprises a sheet-and-tube
25
PVT collector (three configurations were considered: unglazed, single glazed and double glazed), a storage tank 26 with an auxiliary heater, a bypass branch (as implemented in Ref. [11] ), a circulation pump and thermally 27 insulated connecting pipes. The system shown in Figure 1 is essentially an indirect solar water-heating system 28 where the fluid heated in the solar collector is circulated in the storage tank trough a heat exchanger. The bypass 29 branch allows for the recirculation of the hot water to the collector during periods of low irradiance. A 30 differential controller regulates the activation of the bypass branch and the circulation pump. The controller 31 monitors the temperature in the storage tank t , the temperature at the collector outlet f−o and inlet f−in , the 32 incident solar irradiance , and the ambient temperature a . An external auxiliary heater ensures that the 33 temperature of the delivered hot-water to the domestic user reaches the required value of 60 °C [12] . This 34 configuration ensures the maximum utilization of the solar energy stored in the tank [13] . The system is designed 35 for a terraced house in London with 15 m 2 roof area available for the installation. The sizing of the system (tank 36 size and array area) was taken from Ref. [1] and the main parameters are reported in Table 1 . 
5
Collector description: The modelled collector is a sheet-and-tube PVT/water module for the generation of 6 electricity and domestic hot-water in the UK. The Powertherm collector from Solimpeks® has been chosen as 7 the reference collector for this study (see Table 2 for the collector specification) because of its availability on the
8
UK market. The Powertherm is a single-glazed PVT sheet-and-tube collector with a low-iron glass cover and c-Si 9 solar cells. The copper-sheet thermal absorber has an aperture area of 1.42 m 2 and is composed of 14 parallel 10 pipes. The nominal operating flow rate is 0.02 kg/s m 2 , which is the recommended flow rate for standard solar 11 thermal collectors [13, 14] . Other than the parameters reported in Table 2 , information on the optical and thermal
12
properties of the materials from which the layers of the PVT collector are manufactured (shown in Figure 2 ) are 13 required in order to fully characterize the collector. These values are listed in Table 3. 14 Table 2 : Characteristics of the Powertherm PVT collector [15] .
16
Geometrical parameters 
15
The thermal and electrical efficiencies of a PVT collector are influenced mainly by the fluid flow-rate, the 9 and geometry, e.g.: pipe diameter , fin-to-pipe diameter ratio / ) that determine the temperature distribution 
2
The thermal efficiency of a PVT collector is limited by the optical properties of the solar cell, as the absorber 3 does not have the same emissivity as a selective absorber typically used in a solar-thermal collector. The thermal 4 efficiency of the PVT collector is expected to be lower than that of a conventional thermal collector due to:
5
(i) the lower absorption factor of the absorber; (ii) the direct conversion of part of the incident solar irradiance 6 into electricity, which reduces the proportion that is available in the form of heat; and (iii) the higher radiative 7 heat losses from the absorber to the glass cover due to a higher emissivity of the solar cell compared to the 8 emissivity of a conventional thermal absorber. The radiative heat losses can be suppressed by using a selective 9 coating with a low emissivity in the infrared spectrum. The radiative heat losses can be suppressed by using a 10 spectrally selective low-emissivity coating. Such a coating must be reflective at wavelengths at which thermal 11 emission occurs (3 -20 µm), but transmissive at solar wavelengths (300 -2500 nm) to allow solar radiation to energies less than the band gap, this value increases after doping due to the presence of the free carrier [35, 38] .
7
The free carrier absorption does not lead to the generation of an electron-hole pair and it constitutes a parasitic 8 absorption process in solar cells that is beneficial for PVT applications [39].
10
Modelling Methodology 11
The numerical model developed here allows for the evaluation of the thermal and electrical energy generated by 12 the selected PVT system to cover the demands for domestic hot water and electricity of a three-bedroom house
13
in London, UK, and the instantaneous thermal and electrical efficiency of the system. The model uses real software DHWcalc [40] . The use of these high resolution inputs is found to be essential for a correct estimation 17 of the system performance and for the analysis of the response of the system to the control algorithm.
18
The PVT collector is characterized by its (conventional) thermal-efficiency curve evaluated under steady- (1)
The net conductive heat-flux −CD ( , ) at the node (i,j) for the layer 'ii' is the sum of the conductive flux in 1 the x direction and the y direction, which are expressed as:
The radiative heat losses to the ambient g,a−RD ( , ) in Eq. (4) are calculated using the sky temperature sky .
3
For clear sky conditions the sky temperature is related to the ambient temperature according to Eq. (5) [45] .
4
Other models relate the sky temperature to the dry bulb and dew point temperatures ( a and dp ) and to the time 
sky ′ = a [0.711 + 0.0056 dp + 0.000073 dp 2 + 0.013 cos ( 
= .
The convective heat losses to the ambient air g,a−CV ( , ) in Eq. (8) 
ℎ w = 2 w + 3.8 .
The correlation used for external free convection in inclined plates is: 
with:
The radiative and convective heat fluxes between the glass and the solar cells, g,PV−RD ( , ) and 
The thermal resistance gap in Eq. (16) 
In Eq. (17):
The brackets signified by the superscript '*' go to zero when they are negative.
7
2. is the tilt angle of the collector to the horizontal. 3. The thermal conductivity of the air air is evaluated at the temperature H − Δ /2, where H is the 9 temperature of the hot surface and Δ the temperature difference between the two surfaces.
10
The solar irradiance absorbed by the glass cover g−AB ( , ) is:
The fraction of the incident irradiance absorbed by the glass cover ̅̅̅ g and by the solar cell ̅̅̅ PV and the 
The energy absorbed by the solar cell depends on the absorption coefficient PV of the cell over the solar 4 spectrum, and on the transmission g and reflection g at the glass cover. The fraction of the absorbed irradiance 5 that is then converted into electricity is calculated as a linear function of the cell's temperature as in Ref.
[67]:
In Eq. (25) the conversion efficiency T of the incident sunlight into electricity is assumed to decrease 7 linearly with increasing cell operating-temperature PV . This is a typical assumption that is valid in the range of 
Here, the conduction heat flux A−CD at the node (i,j) is calculated as in Eqs. (2) and (3), PV−A is given in from the rear surface through the insulation. It is assumed that: (i) the pipe wall is at uniform temperature at each 18 node; and (iii) the fluid and the pipe temperatures vary only along the direction of the fluid flow. p is given by:
where b and b are the bond thermal conductivity and the bond thickness.
20
The heat transfer due to heat losses at the rear of the panel loss is given by:
The thermal resistance loss in Eq. 
Fluid energy balance. The bulk-fluid temperature f is calculated by applying the energy balance equation: 
Pipe energy balance. The pipe temperature is calculated from:
7
Boundary conditions. The boundary conditions required to solve the energy balance are:
9
Thermal and electrical instantaneous efficiency. The instantaneous thermal efficiency, the electrical efficiency 10 and the electrical power output are: 
15
accounts for the demand of hot water, the heat losses at the storage tank and the efficiency of the heat exchanger.
16
The temperature at the outlet of the heat exchanger immersed in the storage tank is calculated using Eq. (43) 
A discussion of the variations in the results when using fully mixed or stratified designs is included Section 4.4. on a roof-installed PV system oriented towards the south on the plane of the PV modules.
18
The ambient data-sampling interval of 1-min is also shorter than half of the time constant c of the single- 
the response of (and system outputs from) (quasi-)steady state simulations will deviate significantly from results of equivalent fully dynamic simulations of the same system with the same inputs.
23
Time-averaged input data were also used for evaluating the long-term performance of the PVT system (e.g.
24
as is done in Section 4.1; Figure 10 ). This was done in order to quantify the discrepancy of the outputs from the 25 system from the fully time-resolved result. Specifically, the results of an annual simulation obtained using 10- 
16
In the present study, a statistically realistic distribution of hot-water consumption was generated with the 
20
After generating the event schedule, the results were compared with the input data to check for consistency 1 and it was concluded that the average hourly flow rate, the daily and the annual water use match well with the 2 user defined input data. The hot-water profile has been generated with a day-to-day standard deviation in the The electricity generated by the PVT system is compared with the yearly and monthly demand for electricity.
10
The electricity demand and the electricity generation are independent of each other as a cost analysis is not an 11 objective of this study, thus the instantaneous profiles of electricity demand are not considered here. The yearly
12
and monthly data of electricity demand are taken from the previous study of Ref. [1] . In this paper the model 
17
System performance
18
The performance of a PVT system can be assessed in terms of its thermal output (provision of domestic hot- 
23
collector is allowed to circulate to the storage tank only if its temperature is higher than the tank temperature.
24
The fraction of the thermal energy demand covered by the PVT system is given in Eq. (48) .
The total electricity generated over the year is the sum of the generation of electricity at each time interval of 28 60 s (1 min), and is given as:
The electricity generated is compared with the energy required by the user and the fraction of the electricity 30 demand covered by the PVT system over the year is:
It is interesting to compare the profile of the electricity generated by the PVT system with the profile of the 
13
The model fits the experimental data within an average discrepancy of 8%. The calculated thermal-efficiency 
20
The importance of using real ambient data at high resolution instead of time-averaged data can be assessed
21
by considering the discrepancy in the results obtained when the same simulation is run with the two input datasets. For an array of single-glazed PVT collectors, the yearly electricity generation is overestimated when 23 using time-averaged input data by 23.4% (the yearly electricity generation calculated with 1-min resolution data 24 is 1572 kWh, and 1940 kWh when using time-average data). With regards to the thermal-energy generated, the 25 major discrepancy is obtained in the summer period when the fraction of thermal energy demand covered by the system is overestimated by over 25% (see Figure 10 ). 
4
When solving the energy balance of the system using input data at 1-min resolution, a decision has to be 5 made whether a dynamic or quasi-steady model is required. This is related to the value of the collector time-
6
constant. In the present study, a model having a simple control strategy was tested by solving both the quasi-7 steady and the dynamic problem for the month of July. The results reported in Table 4 show that the quasi-steady 8 solution overestimates the thermal energy-demand coverage fraction by up to 12.3%, while the electricity 9 production is overestimated by 7.0%. As expected, the larger discrepancy is observed for the double-glazed 10 collector, which has a larger thermal mass. This discrepancy can be explained by considering the activation and 
20
The thermal model allows the prediction of the temperature distribution on the solar cell, which is then used as 21 the input to the electrical model. The top surface of the PV module is not isothermal and has a maximum between two adjacent pipes that increases in the flow direction as the coolant collects thermal energy from the 23 absorber, as shown in Figure 11 . Knowledge of the temperature distribution on the PV module is of fundamental efficiencies of the three configurations is shown in Figure 12 where the efficiency is plotted against the reduced 10 temperature. The thermal efficiency is obtained by using the same geometrical characteristics of the Powertherm
11
collector discussed thus far (pipe diameter over fin width ratio / , pipe diameter, flow rate, pipe length).
12
As expected, the double-glazed collector shows a higher thermal efficiency than the other two configurations 
18
The fraction of incident irradiance that is reflected by the top surface amounts to 21.3% for double glazing, 
27
The thermal performance of the unglazed collector can be improved if a selective coating is applied to the 28 solar cell. This reduces the emissivity of the solar cell in the infrared spectrum, thus also reducing the radiative 29 losses as discussed in Section 1. The thermal and electrical efficiencies of the unglazed collector are shown in 30 Figure 13 for an emissivity (also equal to the absorptivity) of the solar cell in the infrared spectrum ranging 31 from 0.9-a typical value for a solar cell-to zero, which is the optimum value of a selective absorber. The 32 thermal efficiency is improved by 10% with ideally no modification of electrical performance. 
11
over day and the operation of the solar system for three typical weather conditions is shown in Figure 14 . The
12
circulation of the liquid (water) in the system is determined by the control strategy as described in Section 2.3.
13
The fluid is circulated by the pump when there is an energy gain through the collector, and the circulation is 14 halted otherwise. Moreover, once the pump is activated, the bypass branch is de-activated (=1) and the fluid 15 heats up the tank when the temperature at the collector is sufficiently high. Otherwise the fluid is recirculated to 16 the collector and the bypass is active (=0).
17
The operation of the solar-PVT collector is also influenced by the demand for hot water. When the demand for 18 hot water is high, the temperature in the storage tank drops (as does the temperature of the collector) if the pump is 
10
The figures also show the time of the day for which the circulation pump is on or off, the bypass branch is 11 activated, and the collector fluid is heating the storage tank (flow to tank is on).
13
The present work employs a hot-water storage tank with a heat-exchanger (coil) design that promotes mixing, Table 5 . 
3
5
Given the inherent uncertainty to the design of the hot-water cylinder and the small relative differences in the 6 results, the performance (outputs) of the PVT system with a fully mixed tank discussed in this paper can be 7 considered to extend to an equivalent PVT system featuring a stratified tank. The instantaneous electrical 8 efficiency of the PVT system is shown in Figure 15 along with the temperature of the fluid and of the PV 
15
The instantaneous generation of electricity over two days of the year is shown in Figure 16 . The generated 16 electricity exceeds the demand during the sunny September day, while only a small portion of demand is covered 17 during the cloudy winter day; this significantly affects the economics of the implementation of these systems,
18
since electricity produced during the day is more expensive than the electricity needed during the night. 
10
system can cover between 25% and 50% of the total demand of domestic hot water in a UK household
11
depending on the choice of the collector (glazed or unglazed).
12
We can consider now the case of a PVT collector with modified solar-cell optical properties, whose aim is to
13
reduce the radiative losses from the PVT collector. The emissivity of an ideal absorber is considered for the 14 comparison, and is set to zero. In reality, it is envisaged that a value between 0.9 and the ideal value could be 
20
The model uses real weather input-data at high resolution and a high-resolution profile of domestic hot-water 21 demand obtained with the software DHWcalc. One important conclusion concerns the importance of using real input-data at high-resolution for the correct estimation of the yearly and monthly performance of the system, as 23 opposed to averaged data, especially if a novel control strategy that can adjust the system's outputs in response results in an overestimation of the thermal production (climate data for the year 2014-2015 are used in the 1 present analysis). This is especially of relevance when doing an economic analysis of the system, which requires 2 a precise knowledge of the instantaneous generation of electricity in relation to the electricity demand during the 3 day. Moreover, when running simulations using high-resolution weather-data, some parameters of the control 4 strategy were found to be critical, namely the cooling flow rate, the operation mode/strategy of the pump, and the 5 temperature of activation/de-activation of the pump and bypass branch.
6
The effect of the emissivity of the solar cell on the thermal output of the PVT panel has also been considered.
7
Solar cells for PVT applications can be specifically designed to increase the thermal performance of the module 8 while maintaining a high electrical efficiency. It has been shown that if the emissivity of the solar cell is reduced, 9 the thermal output of the PVT system can increase by 10% with almost no loss in the electrical output due to the 10 low temperature of operation of the non-concentrated solar-thermal system.
12
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